The p53 tumour suppressor is involved in several crucial cellular functions including cell-cycle arrest and apoptosis. p53 stabilization occurs under hypoxic and DNA damage conditions. However, only in the latter scenario is stabilized p53 capable of inducing the expression of its pro-apoptotic targets. Here we present evidence that under hypoxia-mimicking conditions p53 acetylation is reduced to a greater extent at K320 site targeted by P300/ CBP-associated factor (PCAF) than at K382 site targeted by p300/CBP. The limited amounts of acetylated p53 at K320 are preferentially recruited to the promoter of the p21 WAF-1/CIP-1 gene, which appears to be unaffected by hypoxia, but are not recruited to the BID promoter and hence p53 is incapable of upregulating pro-apoptotic BID in hypoxic conditions. As the K320 p53 acetylation is the site predominantly affected in hypoxia, the PCAF histone acetyltransferase activity is the key regulator of the cellular fate modulated by p53 under these conditions. In addition, we provide evidence that PCAF acetylates hypoxia-inducible factor-1a (HIF-1a) in hypoxic conditions and that the acetylated HIF-1a is recruited to a particular subset of its targets. In conclusion, PCAF regulates the balance between cellcycle arrest and apoptosis in hypoxia by modulating the activity and protein stability of both p53 and HIF-1a.
Introduction
The transcriptional activity of the tumour suppressor protein p53 is crucial for the mediation of its physiological functions (Vousden and Prives, 2005) .
Cells adapt to various forms of stress by mechanisms orchestrated by p53, which interacts with specific classes of genes, ultimately leading to differential susceptibility to diverse types of stress (Vousden and Lane, 2007) . Modulation of the p53 transcriptional activity is achieved by stabilization of the protein and binding to various cofactors such as p300 and the P300/CBP-associated factor (PCAF). These cofactors contribute to the regulation of the p53 transcriptional activity by acetylating different lysine residues in its C-terminal region (Liu et al., 1999) .
During tumourigenesis, cells encounter hypoxia as a major stress and most if not all human solid tumours contain subpopulations of hypoxic cells. Among these tumour types, those showing greater levels of hypoxia show resistance to therapy, greater malignancy and increased metastatic potential (Vaupel and Harrison, 2004) . One reason that hypoxic tumours are resistant to DNA-damaging therapies is because of alterations in the p53 transcriptional activity (Achison and Hupp, 2003) . Under hypoxic conditions, increased p53 protein stability has been shown to occur in a hypoxia-inducible factor-1a (HIF-1a)-dependent Hansson et al., 2002) and -independent manner (Pan et al., 2004) . Furthermore, under hypoxic conditions p53 is incapable of inducing the expression of several of its transcription targets including pro-apoptotic members of the Bcl-2 family, due to failure to recruit the p300/CBP coactivator proteins to their promoters (Koumenis et al., 2001) , although enhanced p53 transcriptional activity in anoxic conditions has also been reported (Zhu et al., 2002) .
Functional crosstalk between the HIF-1a and p53 pathways occurs at several levels, including p53 protein stability (Ravi et al., 2000) , attenuated HIF-1 transcriptional activity by p53 and vice versa (Chen et al., 2003) . Interference of each one of these transcription factors with the transcriptional activity of the other has been attributed to the availability of the transcriptional co-activator p300 (Arany et al., 1996; Schmid et al., 2004) , as the binding site of p300 for both p53 and HIF-1a is the CH1 domain (Freedman et al., 2002) . Differential acetylation of p53 by p300 and other histone acetyltransferases (HATs) mediates explicit responses to diverse signals and adjustment to the cellular requirements depending on the environmental conditions (Liu et al., 1999) . p300-mediated acetylation of p53 at K373 and K382 (Sakaguchi et al., 1998; Liu et al., 1999; Luo et al., 2004) occurs under severe and irreparable DNA damage leading to the induction of pro-apoptotic p53 targets and cellular death. Milder stress conditions stimulate acetylation of the p53-K320 by PCAF and result in the induction of the expression of the cyclin/cdk inhibitor p21 WAF-1/CIP-1 and cell-cycle arrest (Knights et al., 2006) . The general consensus of all the above-mentioned reports is that site-specific acetylation of p53 leads to selective response to various signals (Roy and Tenniswood, 2007) .
HIF-1a has a key role in cellular responses to hypoxia (Wenger, 2002) . The half-life and transcriptional activity of HIF-1a is controlled by several post-translational modifications including prolyl hydroxylations, which regulate both stability and transactivation by governing the interaction of HIF-1a with the von Hippel-Lindau ubiquitin E3 ligase (pVHL), and the p300 (Mahon et al., 2001; Lando et al., 2002; Freedman et al., 2004; Kaelin, 2005) . It is clear that p300 is required for the transactivation of both HIF-1a and p53 and there is competition for limiting amounts of this cofactor in hypoxia between HIF-1a and p53 (Freedman et al., 2002) .
ARD1-mediated acetylation of HIF-1a has also been reported (Jeong et al., 2002) , although contradictory results have been presented with regard to the effect of acetylation on HIF-1a transcriptional activity and protein stability (Bilton et al., 2006) . Other posttranslational modifications regulating HIF-1a and p53 function by the same enzymatic cascades include phosphorylation, nitrosylation and SUMOylation (Brahimi-Horn et al., 2005) .
The above observations increasingly support the notion that similar and in many cases common regulatory mechanisms exist that modulate the transcriptional activity and protein stability of both HIF-1a and p53. To decipher the molecular mechanisms by which p300 and PCAF regulate p53 transcriptional activity under hypoxic conditions and define the mechanisms underlying selective activation by p53 in these conditions, we studied the expression of the pro-apoptotic p53 target BID, which is known to contain in its promoter region regulatory sequences targeted by both p53 (Sax et al., 2002) and HIF-1a (Erler et al., 2004) . We asked whether p53 binds preferentially to upstream regulatory regions of genes involved in cell-cycle arrest or control of apoptosis and if this involves the function of PCAF. Furthermore, in this report we present evidence that PCAF acetylates HIF-1a under hypoxic conditions and directs it selectively to a subset of its transcription targets. Our results provide an additional evidence for the importance of co-activator function in determining the cell fate under hypoxia by modulating both p53 and HIF-1a responses.
Results
PCAF and p300 differentially occupy the promoters of p53 target genes in hypoxia Studies by Erler et al. (2004) have shown that the protein levels of several anti-apoptotic members of the Bcl-2 family remain unchanged under normoxic, hypoxic (1% O 2 ) or anoxic (0.1% O 2 ) conditions. In contrast, pro-apoptotic Bcl-2 family members such as Bax and BID are downregulated despite of the fact that both of these genes are p53 transcriptional targets and p53 is stabilized under anoxic and hypoxic conditions . The altered affinity or lack of binding between p53 and the transcriptional co-activator p300 under anoxic conditions has been suggested as the reason for the inability of p53 to activate its targets under these conditions (Hammond and Giaccia, 2005) .
To test whether other p53 cofactors are implicated in the determination of p53 transcriptional activity under these conditions we carried out chromatin immunoprecipitation (ChIP) experiments and monitored the occupancy of the p53-binding sites of BID, PUMA, Bax and p21
WAF-1/CIP-1 promoter regions by the p300/ CBP complex component PCAF in cells treated with the hypoxia-mimicking agent desferrioxamine (DSFX). PCAF/chromatin complexes were precipitated and the promoter regions containing the p53-binding sites of the above-mentioned genes were amplified with specific primers. PCAF recruitment to the promoters of the pro-apoptotic p53 target genes BID, PUMA and Bax was substantially lower (10-fold or more) in the cells treated with DSFX compared to the non-treated cells (Figure 1a) . Interestingly, the recruitment of PCAF to the p21 WAF-1/CIP-1 promoter was reduced to a lesser extent, indicating preferential PCAF promoter occupancy of the cell-cycle arrest p21 WAF-1/CIP-1 gene rather than the pro-apoptotic p53 targets in hypoxia-mimicking conditions. In contrast, recruitment of p300 to the promoters of the same p53 target genes exhibited a different occupancy profile. In the case of PUMA and p21 WAF-1/CIP-1 the p300-binding efficiency was 40% lower, in the case of BID was 10-fold higher and no change was observed in Bax promoter occupancy in DSFX-treated U2OS cells (Figure 1c ). These differences in PCAF or p300 promoter recruitment were not due to differences in the amount of the cofactors precipitated as equal quantity of PCAF and p300 were precipitated in DSFX-treated or not treated cells (Figures 1b and d) .
BID, PUMA, Bax and p21 WAF-1/CIP-1 gene expression profiles indicated that PCAF promoter occupancy of these genes was closely related to their mRNA levels followed by qRT-PCR (Supplementary Figure 2) .
Acetylation of p53 at K320 by PCAF is not efficient in hypoxia Next we investigated whether the PCAF-mediated acetylation of p53 at K320 occurs with the same efficiency in normoxic and DSFX-treated cells. Immunoprecipitation of total endogenous p53 from U2OS cells and blotting with a specific antibody recognizing the p53 K320 acetylated isoform revealed a significant reduction (B70%) of p53 acetylation at K320 in cells exposed to DSFX versus those treated with etoposide ( Figure 2a , compare tracks 5 and 6). In contrast, the level of reduction of p53 acetylation at K382 by p300 was not as dramatic (B30% reduction) after 16 h of DSFX treatment (Figure 2a , compare tracks 5 and 6).
PCAF enhances the expression of the p21
WAF-1/CIP-1 p53 target in hypoxia The recruitment of the two acetyl isoforms K320 and K382 of p53 to the p53-binding sites present within the promoters of the cell-cycle arrest gene p21 WAF-1/CIP-1 and the pro-apoptotic p53 target BID was followed using ChIP assays (Figures 2b-d) . BID promoter occupancy by the p53 acetylated at K320 was considerably lower (B40%) in the DSFX-versus the etoposide-treated cells and higher (B300%) in the case of p21 WAF-1/CIP-1 (Figure 2b ). In contrast, the p53 acetylated at K382 by p300 exhibited higher affinity for both the p53-binding sites of BID and p21
WAF-1/CIP-1 promoters in cells treated with DSFX (Figure 2c ). The anti-acetyl p53 antibodies were specific for the acetylated p53 isoforms as no p53 was precipitated in the non-treated cells with these antibodies (Figure 2d , tracks 4 and 7). The amount of the precipitated p53 in etoposide-and DSFX-treated cells was normalized to the input p53 protein.
The same conclusions were reached following studies using BID and p21
WAF-1/CIP-1 luciferase reporter assays (Figures 3a and b, respectively) . Indeed, both BIDp53bs-Luc and p21-p53bs-Luc reporters were not induced to the same extent in DSFX-treated (where K320 is not efficiently acetylated) versus untreated cells (Figures 3a and b, compare bars 3 and 4) . Notably, the reduction in BID luciferase reporter expression in DSFX-treated compared to the untreated cells was 36% (Figure 3a inability of p53 to induce the expression of its proapoptotic targets in cells treated with DSFX in accordance with published observations (Chao et al., 2006) .
PCAF-dependent acetylation of p53 regulates cell proliferation
The role of the HAT activity of PCAF on cell-cycle progression and apoptosis was investigated by fluorescence-activated cell sorting (FACS) analysis performed in DSFX-treated or untreated U2OS and SAOS2 cells transfected with either empty vector, Flag-PCAFwt or Flag-PCAF-DHAT expression constructs as indicated in Figures 4a and b. The ratio between apoptotic versus arrested cells in G 1 phase of the cell cycle is presented in Figure 4a for U2OS and in 4B for SAOS2 cells. PCAFwt-transfected cells exhibited higher apoptotic potential compared to PCDNA3 or PCAF-DHAT-overexpressing and DSFX-treated cells. In agreement with previously published observations (Cohen et al., 2004) , this induction of cell death was dependent on the HAT activity of PCAF, as apoptosis was not efficiently stimulated in the PCAF-DHAT-expressing cells ( Figure 4a , compare bars 5 and 8). The lesser extent to which apoptosis was stimulated in SAOS2 cells under the same conditions indicates that at least in part and to the measure permitted by these correlative experiments the cell-cycle events were p53 dependent (compare Figure 4a , bar 5 to 4b, bar 5). In addition, the caspase 3 assay shown in Supplementary Figure 3 confirmed that the population of cells in sub-G 1 phase represented apoptotic cells.
To investigate the contribution of HIF-1a to the cell-cycle events in U2OS ( Figure 4a ) and SAOS2 cells (Figure 4b ) expressing the same Flag-PCAFwt, Flag-PCAF-DHAT or empty (PCDNA3) expression vectors we co-transfected RNAi against HIF-1a to silence its expression. The ratio of apoptotic versus G 1 -arrested cells ectopically expressing PCAFwt in correlation to the respective ratio of RNAi-HIF-1a-co-transfected cells was 2.9 times higher for the U2OS and 1.3 for the SAOS2 cells (compare Figure 4a , ratio of bars 5 and 6 with 4b, bars 5 and 6) indicating that p53 acetylated at K320 in the absence of HIF-1a favours cell survival and in the presence of HIF-1a apoptosis. In a similar manner HIF-1a in the presence of non-acetylated p53 at K320 (PCAF-DHAT-transfected cells) stimulated cell survival whereas the complete absence of p53 initiated apoptosis (compare Figure 4a , ratio of bars 8 and 9 (1.8) with 4b, bars 8 and 9 (2.7)).
Results shown in Figure 4 imply that the HAT activity of PCAF functions as a coordinating factor in the regulation of HIF-1a and p53-dependent cell-cycle progression in addition to other known p53-and HIF-1a-independent effects on apoptosis (Cohen et al., 2004) .
PCAF is an HIF-1a cofactor
Taken together the results shown in Figure 4 with the fact that both HIF-1a and p53 share the common cofactor p300 (Freedman et al., 2002) prompted us to investigate whether PCAF as another p53 cofactor, which associates with p300, was also involved in the regulation of HIF-1a transcriptional activity. Towards this end, we performed ChIP assays monitoring the PCAF recruitment to the promoters of known HIF-1 targets such as BID (Erler et al., 2004; Supplementary Figure 5) , erythropoietin (Epo; Semenza et al., 1996) and vascular endothelial growth factor (VEGF; Forsythe et al., 1996) in U2OS cells ectopically expressing PCAF and treated with or without DSFX. Results shown in Figure 5a confirmed that PCAF acts as HIF cofactor as it is recruited with high efficiency in both BID and VEGF promoters in hypoxic conditions. In agreement with recently published observations showing that Epo is primarily an HIF-2-specific target (Warnecke et al., 2004) , PCAF was not recruited to the Epo promoter with the same efficiency as to BID and VEGF promoters in DSFX-treated cells. PCAF recruitment to the BID HIF-1a response element (HRE) is reflected in increased BID protein levels of both the truncated and the non-truncated forms of BID in U2OS cells over-expressing PCAF and treated for 20 h with DSFX ( Figure 5b, track 3) .
In addition, PCAF was found to regulate the expression of other known HIF-1a transcription targets such as carbonic anhydrase IX (CA-IX; Wykoff et al., 2000) , VEGF (Forsythe et al., 1996) , phosphoglycerate kinase-1 (PGK-1) and lactate dehydrogenase A (LDH-A; Semenza et al., 1996) . Luciferase reporter assays shown in Figure 6 point out that PCAF functioned as HIF-1a co-activator in the case of the CA-IX-Luc and VEGF-Luc reporters (Figures 6a and b) , but did not have any effect in the expression of PGK-Luc and LDH-A-Luc reporters (Figures 6c and d) . In addition, PCAF HAT activity played an important role in the coactivation of CA-IX-Luc reporter (Figure 6a ) but did not appear to have significant effect on the VEGF-Luc and PGK-Luc reporters (Figures 6b and c) and exerted a negative effect on the expression of LDH-A-Luc reporter (Figure 6d ). The observed PCAFwt-or PCAF-DHAT-mediated effects on these HIF-1a targets were not a result of unequal HIF-1a expression levels in cells expressing Flag-PCAFwt or Flag-PCAF-DHAT (Figure 6e ). In addition, the expression of wild-type (wt) or mutated cofactor was not affected by DSFX treatment (Figure 6e) .
Results shown in Figures 4-6 imply that PCAF functions as an HIF-1a cofactor, is involved in the HIF-1a-mediated apoptosis and that PCAF HAT activity regulates HIF-1a transcriptional selectivity. 
PCAF interacts with and acetylates HIF-1a
Next we determined whether endogenous PCAF interacts with HIF-1a in untreated (Figure 7 , tracks 1 and 5), DSFX (tracks 2 and 6), etoposide (tracks 3 and 7) or both DSFX-and etoposide-treated U2OS cells (tracks 4 and 8). The interaction between the two proteins was evident in the DSFX-treated cells and with lower affinity in the cells treated with both DSFX and etoposide (Figure 7 , tracks 6 and 8).
To study whether PCAF acetylates HIF-1a, acetylated proteins were precipitated from DSFX-treated SAOS2 cells with the pan-acetyl-lysine antibody and higher levels of acetylated HIF-1a were detected among the precipitated proteins in the extract of the cells ectopically expressing Flag-PCAF (Figure 8a, track 6) . A low level of HIF-1a acetylation was detected in the non-transfected Flag-PCAF cells (Figure 8a , track 4) possibly representing HIF-1a acetylated by ARD-1 (Jeong et al., 2002) or other unidentified HAT(s).
The same results were obtained by precipitating PCAF acetylation targets from DSFX-treated U2OS cells using another antibody that recognizes the histone H3 acetylated lysine, previously reported to be a specific PCAF acetylation substrate (Poux and Marmorstein, 2003) . Acetylation of HIF-1a was evident in the DSFX and both DSFX-and etoposide-treated cells, although in the latter case PCAF exhibited lower acetylation efficiency for HIF-1a, and slightly higher for p53 (Figure 8b , compare tracks 7 and 8), possibly due to weaker association between HIF-1a and PCAF under these conditions (Figure 7, track 8) . The observed HIF-1a acetylation was PCAF dependent as the PCAF-DHAT mutant failed to acetylate the transcription factor (Figure 8c , compare tracks 2-4).
To confirm that the pan-acetyl-lysine antibody immunoprecipitated acetylated HIF-1a and not another acetylated protein that interacts with HIF-1a and coprecipitates with the transcription factor, we performed immunoprecipitation experiments in U2OS cells ectopically expressing HA-HIF-1a using an anti-HAspecific antibody. Precipitated HIF-1a was recognized by the acetyl-lysine antibody (Figure 8d, tracks 2 and 4) .
Furthermore, to identify the HIF-1a sites that are PCAF acetylation targets we mutated the ARD1 target K532 and K389 to arginine. Immunoprecipitation of the mutated HA-HIF-1a-K532R and HA-HIF-1a-K389R with haemagglutinin (HA) antibody and immunoblotting with the acetyl-lysine antibody confirmed that HIF1a was acetylated and revealed that K532 is not the only acetylated site in HIF-1a (Figures 8e and f, tracks 2 and 4).
To test the effect of PCAF-dependent acetylation of HIF-1a on its protein stability we followed HIF-1a halflife in SAOS2 cells transfected with either PCAFwt-or PCAF-DHAT-expressing vectors or untransfected cells treated with cyclohexamide for different time points from 0 to 6 h ( Figure 8g ). As shown with densitometric analysis (Figure 8h ) HIF-1a in PCAFwt-transfected cells could still be detected after 6 h of cyclohexamide treatment and its half-life was approximately 4 h, whereas in PCAF-DHAT-, or PCDNA3-transfected cells the HIF-1a half-life was shorter (approximately 2 h; Figure 8g ). The intensity of the HIF-1a bands in the cells transfected with different expression vectors (PCDNA3, PCAFwt, PCAF-DHAT) has been normalized to the intensity of the actin bands in the respective cells (Figure 8h ).
Discussion
In this study, we provide insight into the molecular mechanisms regulating p53 transcriptional selectivity in the apoptotic response to treatment with the hypoxiamimicking agent DSFX. Despite the recently published analysis of the p53 transcriptional activity under Figure 1) were used to amplify the cross-linked DNA by real-time qPCR. (b) Whole-cell lysates from U2OS cells over-expressing PCAF and treated with desferrioxamine (DSFX) for 0, 2 and 20 h were submitted to western blot analysis and the protein levels of HIF-1a, Flag-PCAF, PCAF and BID were followed with specific antibodies against these proteins. Actin served as loading control.
hypoxic conditions by genome-wide expression profile techniques (Hammond et al., 2006 ) the detailed and subtle mechanisms involved in the p53 selectivity to transactivate its downstream targets in hypoxic conditions remain imprecisely defined. The most likely explanation of p53 incompetence to activate its proapoptotic targets under hypoxia is based on an inability to form requisite networks with specific co-activators (Hammond and Giaccia, 2005) . A precedent for this thinking is that p53 fails to induce the expression of Bnip3L under hypoxia because the binding between p53 and the p300/CBP co-activators is weak and unable to support Bnip3L expression in these conditions (Fei et al., 2004) . Considering these observations we wanted to define the composition of the transcription coactivator complexes that bind p53 and fine-tune its transcriptional activity under hypoxia.
The molecular mechanisms of p53-and HIF-1a-mediated apoptosis mostly operate through the activation of pro-apoptotic genes that bear binding sites for these transcription factors in their promoter such as the Bcl-2 family members that are important in the initiation and execution of the intrinsic pathway of apoptosis (Cory et al., 2003) . The expression and activity of anti-and pro-apoptotic members of this family is delicately balanced by several mechanisms. The expression of the pro-apoptotic Bax, PUMA, Noxa and BID genes can be regulated by the transcriptional activity of the p53 tumour suppressor (Vousden and Lane, 2007) . Recently published observations reported that the basis of the p53 promoter selectivity lies on its differential post-translational modifications. For example, activation of the Bax promoter requires participation of p53 acetylated at Lys320 by PCAF and Lys373 by p300, whereas the p53-dependent induction of p21 requires the participation of p53 acetylated at either site (Roy et al., 2005) . In addition, acetylation of p53 by TIP-60 at K120 promotes apoptosis and not cell-cycle arrest (Tyteca et al., 2006) , whereas acetylation at p53 K373 and K382 by p300 results in the induction of proapoptotic p53 targets (Knights et al., 2006) . The existence of HREs in the regulatory regions of the gene promoters of several Bcl-2 family members and thus regulation of their expression by HIF-1a has also been demonstrated (Greijer and van der Wall, 2004) . These observations imply that selectivity of p53 transcriptional activity under hypoxia is regulated by upstream events such as post-translational modifications, specific protein-protein interactions with co-activators (Demonacos et al., 2004) and other transcription factors such as HIF1a . To gain further mechanistic insight into apoptosis in hypoxic cells and provide details on how it is regulated we investigated the function of the known p53 co-regulator PCAF and how this factor orchestrates the coordination of regulatory events leading to the selective pattern of gene expression of both p53 and HIF-1a under hypoxia.
In this study we show that the transcriptional co-activator PCAF directs p53 preferentially to the p21 WAF-1/CIP-1 promoter in DSFX-treated cells. In addition, we established that PCAF-dependent acetylation of p53 K320 is deficient in DSFX-treated cells and this correlates with the reduction of the recruitment of this acetylated p53 isoform to its pro-apoptotic targets. These observations are in agreement with recently published reports showing that K320Q prevents cell death and induces G 1 arrest (Knights et al., 2006) and could explain the predominance of surviving and growth arrested versus dying cells in hypoxic tumour subpopulations (Bunz et al., 1998) . Earlier studies (Koumenis et al., 2001) have shown that hypoxia primarily induces the interaction of p53 with mSin3A, but not with p300. These data suggest that different levels of hypoxia or tissue specificity are involved in the differential interactions of p53 with specific co-activators or co-repressors modulating its transcriptional activity under diverse stress conditions.
Figure 7 P300/CBP-associated factor (PCAF) interacts with hypoxia-inducible factor-1a (HIF-1a). U2OS cells were treated with desferrioxamine (DSFX, 20 h) and etoposide (6 h) or both DSFX and etoposide or left untreated as indicated. Whole-cell extracts were immunoprecipitated using an anti-PCAF antibody against the endogenous protein and blotted for HIF-1a, hDM2, PCAF and p53.
Figure 8 P300/CBP-associated factor (PCAF) acetylates hypoxia-inducible factor-1a (HIF-1a) and regulates its protein stability. (a) SAOS2 cells were transfected with Flag-PCAF expression vector and treated with desferrioxamine (DSFX) for 20 h as indicated. Whole-cell extract was immunoprecipitated with pan-acetyl-lysine antibody, resolved on polyacrylamide gel electrophoresis (PAGE) and blotted for HIF-1a and PCAF antibodies. Actin was used as loading control. (b) Whole-cell extract from transiently transfected with Flag-PCAFwt U2OS cells was submitted to immunoprecipitation with the anti-H3-K14 Ac-lysine antibody and western blotted with anti-HIF-1a, anti-p53 and anti-Flag-specific antibodies. Lysate (10%) was loaded as input and is shown in the left panel. Actin was used as loading control. (c) U2OS cells were transfected with Flag-PCAFwt and Flag-PCAF-DHAT and exposed to DSFX treatment for 20 h. At 48 h after transfection the whole-cell extract from these cells was submitted to immunoprecipitation with the pan-acetyl-lysine antibody and immunoblotted with anti-HIF-1a antibody. U2OS transfected with empty cytomegalovirus (CMV) or Flag-PCAFwt expression vectors co-transfected with plasmids expressing HA-HIF-1a(wt) (d) HA-HIF-1a-K532R (e) or HA-HIF-1a-K389R (f) were submitted to immunoprecipitation with HA antibody after 20 h of DSFX treatment as indicated. Pan-acetyl-lysine antibody was used to detect acetylated proteins in the immunoprecipitations, anti-HA antibody against transfected HA-HIF-1a and anti-HIF-1a to detect total HIF-1a in the inputs. Actin was used as loading control. (g) PCAF-dependent acetylation of HIF-1a regulates its protein stability. Empty PCDNA3 vector, Flag-PCAFwt or Flag-PCAF-DHAT was transiently expressed in SAOS2 cells and incubated with DSFX for 20 h and cyclohexamide for the indicated time points. Cell extracts were analysed with PAGE and subjected to immunoblot analysis with anti-HIF-1a, Flag and actin antibodies. (h) The diagram represents the ratio of the intensity of the HIF-1a bands in the cells transfected with different expression vectors (PCDNA3, PCAFwt, PCAF-DHAT) and the intensity of the actin bands in the respective cells. The intensity of HIF-1a divided by the intensity of actin at 0 time points was regarded as 100%. Densitometric analysis was performed using the AIDA 3.52.046 quantification software.
To provide additional insight in the regulation of the cell growth programme regulated by PCAF we performed FACS analysis. We observed increased number of U2OS cells expressing Flag-PCAF-DHAT arresting in G 1 phase of the cell cycle (Figures 4a and b , compare bar 8 to 5), which could be explained by the fact that p53 was preferentially recruited to the p21 WAF-1/CIP-1 promoter (Figure 3b ). On the other hand the accumulation of PCAFwt-expressing U2OS cells in sub-G 1 phase (Figure 4a ) was at least in part a result of the upregulation of BID expression in these cells after DSFX treatment (Figure 5b) . Furthermore, FACS analysis showed that p53 and HIF-1a cooperate in inducing apoptosis and they have opposing functions in the G 1 cell-cycle arrest in accord with previously published observations (Goda et al., 2003) .
Alternative pathways involving transcription factors activated in DSFX-treated cells, such as FOXO3a (You et al., 2006) mediate induction of p53-and HIF-1a-independent apoptosis. PCAF as a FOXO3a HAT (Brunet et al., 2004) might be implicated in the execution of apoptosis induced by this transcription factor. Another pathway through which the PCAF HAT activity induces p53-independent apoptosis is through PCAF-dependent acetylation of Ku70, which results in the disruption of the complex of this DNA damage repair protein with Bax, stimulating initiation of programmed cell death (Cohen et al., 2004) .
To explore further these observations and investigate whether PCAF has any effect on HIF-1a transactivation we followed the promoter occupancy of known HIF-1a targets by PCAF. These experiments showed that PCAF is recruited to the HRE sites of two HIF-1a targets, the pro-apoptotic BID (Erler et al., 2004) and the angiogenic VEGF gene (Pescador et al., 2005) . Interestingly, the expression of the pro-apoptotic truncated variant of BID was identified in the DSFXtreated cells over-expressing PCAF, implying that PCAF is involved in the regulation of HIF-1a-mediated apoptosis. Other assays showed that PCAF is an HIF-1a transcriptional cofactor and through its HAT activity it specifically and selectively directs HIF-1a to a subset of its target genes. There are several potential explanations for this distinction in the PCAF function. First, differences in the structure of the promoter between the different HIF-1a targets could be responsible for preferential binding of particular subset of these targets by differently modified HIF-1a isoforms. Indeed, the gene encoding CA-IX conforms to a pattern first described among genes encoding glycolytic enzymes (Hu et al., 2003) , and is specifically responsive to HIF1a, showing no response to HIF-2a in any cell type (Raval et al., 2005) . The gene encoding VEGF is rather similar to a pattern previously reported for genes encoding proteins such as PHD3 and GLUT-1 (Raval et al., 2005) . Therefore, PCAF-dependent acetylation of HIF-1a might be the mechanism by which HIF-1a subunit distinguishes between its target promoters or even between targets that are specifically responsive to HIF-1a or to HIF-2a transcription factors (Gordan et al., 2007) , a possibility that we are currently investigating in our laboratory. Second, PCAF might help the recruitment of different transcription factors to distinct regions of the genome. In turn, these associations could allow different transcription factors to carry out specialized functions determining the cellular fate (survival or apoptosis). In line with these observations previous reports have indicated that the p300 co-activator is vital for the induction of a part of HIF-responsive genes and dispensable for others (Kasper et al., 2005) .
Further study of the effects of PCAF on HIF-1a revealed that the two proteins interact in DSFX-treated cells (Figure 7 ) and this interaction results in the PCAF-dependent acetylation of HIF-1a (Figure 8 ). To exclude the possibility that HIF-1a coprecipitated with other acetylated proteins such as other HAT(s), acetylated p53 or auto-acetylated PCAF (Liang et al., 2006) we followed two approaches. First, we immunoprecipitated acetylated proteins from the extract of U2OS cells expressing either PCAFwt or PCAF-DHAT and immunoblotted with antibodies recognizing HIF-1a. HIF-1a was more efficiently acetylated in the PCAFwt-transfected cells and was acetylated to a lesser extent in the PCAF-DHAT-expressing cells. The same conclusion was reached when we used an antibody that recognizes PCAF-specific acetylation targets to perform the precipitation of PCAF acetylation targets (Poux and Marmorstein, 2003) . Second, we mutated two possible acetylation targets in HIF-1a namely K532 and K389. Precipitation of HIF-1a with HA antibodies and blot with the acetyl-lysine antibody confirmed that HIF-1a was acetylated.
Although the effect of ARD1-mediated acetylation of HIF-1a is a controversial issue, it has been linked to HIF transcriptional activity and protein stability (Bilton et al., 2006) . We tested whether PCAF mediated similar effect on HIF-1a by following its half-life and we observed that HIF-1a acetylated by PCAF was a more stable protein (Figures 8g and h ). Studies to identify the possible site(s) of HIF-1a acetylated by PCAF are currently ongoing in our laboratory.
In conclusion, our study provides an additional molecular mechanism explaining the inability of p53 to activate its pro-apoptotic targets in hypoxia and implicates PCAF in the regulation of the fine-tuning of the transcriptional activity of both p53 and HIF-1a in hypoxic conditions as well as regulating protein stability of both transcription factors (Jin et al., 2002; Linares et al., 2007) .
Materials and methods
Cell lines, culture conditions and constructs Dulbecco's modified Eagle's medium (Gibco, Paisley, Scotland, UK) supplemented with 10% fetal calf serum and 1% 10 U/ml penicillin and streptomycin was used to maintain human osteosarcoma U2OS (p53 þ / þ ) and SAOS2 (p53À/À) cell lines at 37 1C and 5% CO 2 . Cells were collected 20 h after 250 mM DSFX treatment (Sigma, Gillingham, England, UK) and 16 h after incubation with 10 mM etoposide (Sigma) unless otherwise indicated.
The p53K320R expression vector was a gift from Dr Halazonetis, the pCiFlag-PCAF(wt) and pCiFlag-PCAF(DHAT) from Dr Talianidis. Human BID luciferase reporter consisting the consensus p53-binding site has been provided by Dr El-Deiry and is described in Sax et al. (2002) . The p21 WAF-1/CIP-1 (El-Deiry et al., 1993) and CA-IX-HRE-luc (Wykoff et al., 2000) have been previously described. Silencing of HIF-1a with RNAi was performed as described previously (Erler et al., 2004) .
Site-directed mutagenesis was performed by amplifying the HA-HIF-1a(wt) plasmid with two sets of primers to achieve the desired mutations. The mutagenesis was performed using the QuickChange Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) following the manufacturer's instructions.
The calcium phosphate method (Demonacos et al., 2001 ) and the polyfect transfection system (Qiagen, Crawley, UK) were used to transfect cells. Luciferase reporter assays were carried out as described previously (Demonacos et al., 2001 ).
Immunoprecipitation and immunoblotting
Total cellular protein extract was immunoprecipitated with the following antibodies: mouse monoclonal anti-p53 (DO-1; Santa Cruz, Santa Cruz, CA, USA), anti-human rabbit polyclonal p53 (2381-PC-100; Trevigen, Gaithersburg, MD, USA), mouse monoclonal anti-Flag (M2; Sigma), mouse monoclonal anti-acetyl-lysine (4G12; Upstate, Watford, England, UK), rabbit polyclonal anti-acetyl-histone H3 at Lys14 (Upstate), anti-PCAF rabbit polyclonal (H-369; Santa Cruz), Anti-HIF-1a (H1a67; Calbiochem, San Diego, CA, USA) and goat polyclonal anti-BID (R&D, Minneapolis, MN, USA). For detection of acetylated forms of p53, cells were treated with Na-butyrate (1 mM) for 2 h before lysis. IP extracts were analysed accordingly by western blotting with anti-acetyl K320 p53 (Upstate) and anti-acetyl-p53 at Lys382 (no. 2525; Cell Signaling, Danvers, MA, USA). Proteins were visualized using ECL (Pierce, Rockford, IL, USA) according to the manufacturer's instructions.
Chromatin immunoprecipitation
ChIP analysis was performed in U2OS cells using the Active Motif (Rixensart, Belgium) ChIP express kit. Briefly, after chromatin cross-linking with 1% formaldehyde, chromatin complexes were immunoprecipitated from DSFX-treated or not treated cells with antibodies against p53 acetylated at K320 and K382, anti-p300 NM-11 (Santa Cruz), anti-Flag M-20 (Sigma) or irrelevant (horseradish peroxidase-conjugated antirabbit). Quantitative PCR analysis was performed with the oligonucleotides described in Supplementary Figure 1 . Values obtained from the ChIP assay analysis (Opticon Monitor 3 software) were normalized to the background obtained from the precipitation with a non-specific antibody. Figures 1a, c , 2b, c and 5a indicate values obtained by subtracting the amount of the non-specifically precipitated immunocomplexes from the amount of the specifically precipitated ones.
Flow cytometry
Cells were transfected with the indicated expression vectors, treated with DSFX as specified in Figure 4 , harvested 48 h after transfection and fixed in 50% ethanol. Propidium iodide and RNase A were added to final concentrations of 50 and 100 mg/ml, respectively and transfected cells were stained with a CD-20-FITC antibody for CD20 expression. Cell-cycle profile was determined by FACScan flow cytometry and analysed by CellQuest software (Becton Dickinson) as previously described (Demonacos et al., 2001) . Cell count represents the cells exhibiting the CD20 antigen used as a transfection efficiency control. The average transfection efficiency was 30% for U2OS and 12% for SAOS2 cells. Only the CD20-transfected population of cells (sorted by CD20-FITC-conjugated antibody) has been taken into account for the FACS analysis. The average of two independent FACS experiments is shown in Figures 4a and b and the cell-cycle profiles from one experiment in Supplementary Figure 3. 
